Atomic Interferometric Gravitational-wave Space Observatory (AIGSO) by Gao, Dongfeng et al.
ar
X
iv
:1
71
1.
03
69
0v
2 
 [p
hy
sic
s.a
tom
-p
h]
  1
6 J
an
 20
18
Atomic Interferometric Gravitational-wave Space Observatory (AIGSO)
Dongfeng Gao1,2,,∗ Jin Wang1,2, and Mingsheng Zhan1,2,†
1 State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,
Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences
- Wuhan National Laboratory for Optoelectronics, Wuhan 430071, China
2 Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China
(Dated: January 17, 2018)
We propose a space-borne gravitational-wave detection scheme, called atom interferometric
gravitational-wave space observatory (AIGSO). It is motivated by the progress in the atomic matter-
wave interferometry, which solely utilizes the standing light waves to split, deflect and recombine
the atomic beam. Our scheme consists of three drag-free satellites orbiting the Earth. The phase
shift of AIGSO is dominated by the Sagnac effect of gravitational-waves, which is proportional to
the area enclosed by the atom interferometer, the frequency and amplitude of gravitational-waves.
The scheme has a strain sensitivity < 10−20/
√
Hz in the 100 mHz-10 Hz frequency range, which fills
in the detection gap between space-based and ground-based laser interferometric detectors. Thus,
our proposed AIGSO can be a good complementary detection scheme to the space-borne laser inter-
ferometric schemes, such as LISA. Considering the current status of relevant technology readiness,
we expect our AIGSO to be a promising candidate for the future space-based gravitational-wave
detection plan.
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2I. INTRODUCTION
An important prediction of Einstein’s theory of general relativity is the existence of gravitational waves (GWs).
The indirect evidence comes from the timing measurements of the binary pulsar, PSR 1913+16 [1]. Since 1970s, a
lot of ground-based GW detectors have been built to detect GWs directly [2]. After decades of efforts, the LIGO
Scientific Collaboration and Virgo Collaboration announced the first two observations of GWs in 2016 [3, 4], and
three more observations in 2017 [5–7], which opened a new era in the study of the universe. However, due to the
seismic and Newtonian noise on the Earth, the ground-based laser interferometric detectors, such as LIGO, could
only detect GWs with frequencies above 10 Hz. To search for GWs in the lower frequency band, several space-
based laser interferometric detection schemes (such as LISA [8], TianQin [9], DECIGO [10], BBO [11], and AMIGO
[12]) have been proposed. However, to reach high sensitivity and wide operating frequency, these space-based laser
interferometric GW detection proposals inevitably have to be large in size, and be expensive to build. Then, it is of
great value to investigate alternative detection schemes that can have comparable sensitivity, be smaller in size, and
be less expensive.
After more than twenty years of development, atom interferometers (AIs) have reached very high sensitivity [13]. In
fact, AIs have already been used in a large range of precision measurement experiments such as the measurements of
the fine structure constant α [14] and the Newtonian gravitational constant G [15], which have already been adopted
by the 2014 CODATA [16]. The AI was also used to give a 10−8-level test of the weak equivalence principle (WEP) in
Ref. [17]. Motivated by these impressive achievements, people began to work on the possibility of using AIs to detect
GWs. Several terrestrial atom interferometric GW detection schemes were proposed in Refs. [18–22]. Moreover,
spaced-based atom interferometric GW detection schemes were put forward in Refs. [18, 21, 23, 24]. Compared to
the space-borne laser interferometric GW detectors, the atoms are used as inertial test masses, instead of mirrors.
Thus, to reach comparable sensitivity to LISA, these spaced-based atom interferometric GW detectors need to be of
similar size too.
In this paper, we put forward a different proposal, called the atom interferometric gravitational-wave space obser-
vatory (AIGSO), which is an extension of our previous terrestrial GW detection scheme in Ref. [22]. Our AIGSO
consists of three drag-free satellites, with a baseline length of 10 km, and a width of 1 m. With standing light waves,
we can split, reflect and recombine a variety of atomic beams. What is more, the atoms always remain in the same
internal state so that the atomic phase is not sensitive to external fields and fluctuations in laser beams. Our calcu-
lation shows that the phase shift of AIGSO is dominated by the Sagnac effect of GWs. In other words, our AIGSO
is essentially an atomic Sagnac interferometric GW detector. Thus, it can be regarded as a matter-wave analogue of
the laser Sagnac interferometric GW detector, which was considered as an attractive candidate for third-generation
laser interferometric GW detectors in Ref. [25, 26].
The remarking features of our AIGSO are the following. Compared to other spaced-based atom interferometric
GW detectors in Refs. [21, 23, 24], our scheme is a genuine use of atomic matter-waves, not just used as inertial test
masses instead. The size of our scheme is much smaller, and the atomic flux intensity can be much higher. Compared
to the space-borne laser interferometric GW detectors, our scheme is much smaller in size, and is complementary in
the GW frequency range. Our AIGSO is faster, where the integration time is reduced from one year to several days.
Thus, in the same observation time, our scheme can detect GWs from more weaker sources.
The rest of the paper is organized as follows. In Sec. II, we give a description of our proposed scheme, and calculate
the phase shift due to incoming GWs. The difference to other proposals can be clearly seen from the calculation. In
Sec. III, we calculate the expected sensitivity of our detector. In Sec. IV, the potential detectable GW sources are
discussed. Comments and conclusions are given in Sec. V.
II. OUR PROPOSED AIGSO
A. Description of the AIGSO scheme
The schematic diagram of our proposed AIGSO is depicted in FIG. 1, where the length and width of the interfer-
ometer are denoted by L// and L⊥, respectively. Satellite 1 is used to host the atomic source and the first standing
light wave. Satellite 2 hosts the middle two standing light waves. Satellite 3 houses the final standing light wave and
the atom detection terminals A and B. All the standing light waves are connected by a common laser.
The atomic beam is first produced from a supersonic source, with initial velocity v0. It should be well collimated
so that the distribution of the transverse velocity of atoms can meet the requirement of GW detection. Then, the
atomic beam is equally split into two beams of angle 2α, by the first standing light wave. After the propagation time,
T
2 ≡
L//
2v0cosα
, the two atomic beams are reflected by the middle two standing light waves. After another propagation
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FIG. 1. Schematic diagram of our proposed AIGSO
time T2 , the two beams are recombined, and go into the atom detection terminals A and B. Interference fringes can
be formed in both terminals of the interferometer. Either of them can be used for GW detection because they are
complementary to each other.
The size of our AIGSO is basically constrained by the environment outside the satellites since the atomic beams
propagate between the satellites. The outside environment is full of background gases and solar photons. Collisions of
atoms with them will destroy the coherence of atomic beams. According to the estimation in Ref. [21], a space-borne
atom interferometer, with interrogation time T ≤ 100 s, sounds reasonable. For safety, let us take 10 s as the maximal
interrogation time. The length of AIGSO is proposed to be L// = 10 km. Then, the initial velocity v0 of atomic
beams should be 103 m/s and higher. To minimize the outside environmental impact on the standing light waves, we
want to operate them inside the satellites. Thus, the value of the width L⊥ is also constrained by the size of satellites.
Suppose the splitting angle α = 10−4 rad, then the width L⊥ is 1 m.
B. The phase shift induced by GWs
In this subsection, we will calculate the phase shift caused by the incoming GWs, which is very similar to the one
for our terrestrial GW detection proposal in Ref. [22]. For completeness, we review the calculation as follows.
The interferometric area is supposed to be the xy plane, and the GWs propagate in the z direction. In the rigid
frame, the metric for the GWs can be written as
ds2 = −dt2 + δijdxidxj + (dz − dt)h˙ij xidxj , (1)
4where z ≡ x3, hii = 0, ∂ihij = 0 and i, j = 1, 2, 3. If the metric has h11 = −h22 = h ei(2pift+φ0), then it is called the
h+-polarization. According, the metric with h12 = h21 = h e
i(2pift+φ0) is called the h×-polarization. h and f are the
amplitude and frequency of the GW, respectively. φ0 is the initial phase of the GW at the time of entering into the
interferometer.
The geodesic equations for particles confined in the z = 0 plane are
d2xi
dt2
=
1
2
h¨ijx
j +O(h2ij , v2hij). (2)
The Lagrangian for a non-relativistic atom is
L(xi, x˙i) =
m
2
(x˙ix˙i − h˙ij x˙ixj − 2). (3)
For a given trajectory, the phase at the final point can be calculated as
Φf = Φi +
1
~
Si→f ,
where Φi is the phase at the initial point, and Si→f is the accumulated action along the trajectory, calculated from
the Lagrangian (3).
Before the incoming of GWs, atoms move along the classical trajectories,
x0(t) = v
x
0 t , y0(t) =
{
vy0 t for 0 < t < T/2
vy0 (T − t) for T/2 < t < T , (4)
where vx0 = v0 cosα ≡ V//, and vy0 = ±v0 sinα ≡ ±v⊥. The ± signs are for the up arm and the down arm, respectively.
In the present of GWs, both the atom’s trajectory and velocity will be perturbed, which can be written as ~x = ~x0+δ~x
and ~v = ~v0 + ~w.
Solving the geodesic equations for atoms, we can calculate the phase for each arm,
~
m
∆up, downΦ =
∫ T
0
dt
[
− (v
y
0 )
2
vx0
wx + vy0w
y − 1
2
h˙ijv
i
0x
j
0
]∣∣∣∣
up, down
, (5)
where ∆up, downΦ means the phase change in the up and down arms, respectively. Since the h+-polarized GW affects
the up and down arms in the same way, the net induced phase shift is zero. Our AIGSO scheme is only sensitive to
the h×-polarization. By taking the difference of phase changes in the up and down arms, the phase shift is found to
be
~
m
∆Φ = − iπfhv⊥(v// − v⊥)T
2
2
eipifT eiφ0
+
hTv⊥(e
ipifT − 1)
v//
[
i(2v2// − v2⊥)
2πfT
(eipifT − 1)−
v2//
2
eipifT + v2⊥
]
eiφ0 . (6)
Since v⊥ ≪ v//, the result can be further simplified into
~
m
∆Φ = − iπfhv⊥v//T
2
2
eipifT eiφ0
+hTv⊥v//(e
ipifT − 1)
[
(
i
πfT
− 1
2
)eipifT − i
πfT
]
eiφ0 . (7)
Note that ∆Φ oscillates in time, because φ0 is oscillatory.
The feature of our result is that it contains two terms from two different contributions, which is quite similar to
the result in Ref. [20]. Denote the first term in Eq. (7) by ∆Φ1. We have |∆Φ1| = m~ 2πAfh, where A = 14v//v⊥T 2
is the area enclosed by the AIGSO. Then, it is clear that ∆Φ1 is nothing but the GW-induced Sagnac phase shift,
sensed by the atomic matte-waves. Denote the second term in Eq. (7) by ∆Φ2. One has |∆Φ2| ∝ hL⊥kdB, where
kdB = mv0/~ is the de Broglie wavenumber. Clearly, ∆Φ2 is the well-known atomic matter-wave counterpart to the
Michelson laser interferometric GW detector.
In the frequency range f ≪ 1/T , the phase shift ∆Φ is very small, and is dominated by ∆Φ2 . When f ∼ 1/T , ∆Φ1
and ∆Φ2 are comparable. In the higher frequency range f ≫ 1/T , the phase shift becomes bigger and is dominated by
∆Φ1. In other words, our AIGSO has better sensitivity in the higher frequency band, where the laser interferometric
GW detectors behave worse. Another feature of Eq. (7) is that ∆Φ1 and ∆Φ2 can not vanish simultaneously. Thus,
the phase shift ∆Φ is nonzero in the whole frequency range.
5III. EXPECTED SENSITIVITY OF AIGSO
Shot noise is the fundamental limit on the detection sensitivity of any interferometric GW detector. To compare the
sensitivity of different GW detectors, people normally introduce the power spectral density for the shot-noise-limited
sensitivity, h˜sh(f). For our AIGSO, the h˜sh(f) can be easily found from Eq. (7),
h˜sh(f) =
2~
m|C(f)|
√
R (8)
where
C(f) =
v20T sin 2α
2
(
πfT
2
sin(πfT ) +
cos(πfT )− cos(2πfT )
2
− sin(2πfT )− sin(πfT )
πfT
)
+i
v20T sin 2α
2
(
−πTf
2
cos(πfT ) +
1 + cos(2πfT )− 2 cos(πfT )
πfT
− sin(2πfT )− sin(πfT )
2
)
. (9)
R is the flux intensity of the atomic beam.
This formula can be further simplified. Since the atomic beam is split by the standing light waves, the angle 2α is
written as
sin 2α =
p⊥
p//
=
N~kl
mv//
,
where p⊥ = N~kl is the momentum transferred from the standing light waves, kl = 2π/λl is the wavenumber of the
standing light waves, and N is the number of photon momentum transfer to the atom. Eventually, the power spectral
density for the sensitivity can be written into
h˜sh(f) =
λl
πNL//|C˜(f)|
√R (10)
where
C˜(f) =
1
2
(
πfT
2
sin(πfT ) +
cos(πfT )− cos(2πfT )
2
− sin(2πfT )− sin(πfT )
πfT
)
+
i
2
(
−πTf
2
cos(πfT ) +
1 + cos(2πfT )− 2 cos(πfT )
πfT
− sin(2πfT )− sin(πfT )
2
)
. (11)
We can see that h˜sh(f) is independent of the atomic mass, which is consistent with the WEP. It means that our
scheme has the freedom in choosing the atomic species. Also, it is clear that the sensitivity of our AIGSO only
depends on the parameters: λl, N , L//, T , and R.
To draw the sensitivity curve for our scheme, we have to specify these design parameters, which are supposed to
be based on either current available technologies or future improvements. As discussed before, the size of AIGSO has
been proposed to be L// = 10
4m and L⊥ = 1m to keep the coherence of the atomic matter-waves. The atomic beam
is prepared from a supersonic source, with tunable initial velocity. For the case of v0 = 1000m · s−1, the interrogation
time is then T=10 s.
To yield a good sensitivity in our scheme, the supersonic source of the atomic beam should have high intensity.
Technologies of producing high intensity supersonic sources have been well developed [27]. For example, Argon
beams, with intensity R ∼ 1019 atoms/s, was produced more than four decades ago [28]. To be specific, in the
following discussion, we will take Argon as our example. In our AIGSO, the intensity of Argon beam is proposed
to be R ∼ 1016 atoms/s. For a space-based detection scheme, this value of intensity should be realistic. For a one-
year detection plan, the estimated consumption of atoms is about several moles. To manipulate the Ar atom, the
wavelength of the standing light waves is λl = 810 nm [29]. To split the Ar beam by angle α = 10
−4 rad, we need
a momentum transfer of 10~kl. Currently, momentum transfer of 102 ~kl has been reported [30]. To split, reflect
and recombine Ar beams of such an intensity, the estimated laser power in our scheme is less than one watt, which is
lower than that of the laser interferometric GW detection plan in Ref. [8].
With these proposed scheme parameters, the corresponding sensitivity curve for AIGSO is drawn in FIG.2, where
the curve for LISA is also shown for comparison. Our sensitivity curve is truncated at 1 Hz, which is the data taking
rate fd. As discussed in Ref. [21], fd is the frequency of running the atomic beam through the interferometer, which
is no higher than 1 Hz (10sT ). For our AIGSO, by tuning the interrogation time T, the data taking rate can be as
high as 10 Hz. Compared to LISA, our AIGSO is worse at low frequencies. However, it works better and better at
frequencies above 100 mHz, where LISA is not sensitive. Thus, our scheme could fill in the detection gap between
space-based and ground-based laser interferometric GW detectors.
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FIG. 2. Power spectral density for the shot-noise-limited sensitivity
IV. GW SOURCES FOR OUR AIGSO
In the frequency band of AIGSO, the major sources of GWs are compact binaries, which consist of white dwarfs
(WDs), neutron stars (NSs), or black holes (BHs). They emit strong GW radiations in the high frequency band at
the late stage of their evolution.
The GW radiation from the evolution of compact binaries can be well calculated in the quadrupole approximation
[31, 32]. The GW strain amplitude h(f), from a circular binary of mass M1 and M2 with orbital frequency forb (then
the GW frequency fGW = 2forb), is calculated to be
h(f) =
16π2G
rc4
f2orbM1M2a
2
Mtot
, (12)
where r is the distance to the source, Mtot = M1 +M2, and a is the radius of the binary. With Kepler’s third law,
4π2f2orb = GMtot/a
3, we finally get
h(f) =
4π2/3G5/3
rc4
M1M2
M2tot
M
5/3
tot f
2/3
GW . (13)
For the purpose of GW detection, we also have to consider the time dependence of both the strain amplitude and
the frequency. According to Ref. [31], the time rate of change in the radius is
a˙ = −64G
3
5c5
M1M2Mtot
a3
. (14)
Then, one can get
f˙ =
96π8/3G5/3
5c5
M1M2
M2tot
M
5/3
tot f
11/3
GW . (15)
7Here, one can introduce the inspiral timescale, which characterizes the remaining lifetime of a binary before merger
τchirp ≡ 3fGW
8f˙GW
=
5c5
256π8/3G5/3
M2tot
M1M2
M
−5/3
tot f
−8/3
GW
= 4.4× 103yr
(
M2tot
M1M2
)(
Mtot
M0
)−5/3 (
fGW
10mHz
)−8/3
, (16)
where M0 is the solar mass.
For a given GW source of strain amplitude h(f), the detectability is determined by its corresponding strain density
h˜(f) in the detector. As discussed in Ref. [23, 33], h˜(f) is given by
h˜(f) = h(f)
√
τ, (17)
where τ represents the shorter of the inspiral time τchirp and the observation time τobs.
Assume that the observation time τobs of AIGSO is one year. From Eq. (16), we can see that the inspiral time
τchirp is strongly constrained by the masses of a binary and the frequency of GWs it radiates. For WD-WD binaries,
due to their relatively large size, the mergers end at frequency below 1 Hz. So the inspiral time τchirp is greater than
τobs. For NS-NS binaries, τchirp varies from several thousand years at 10 mHZ to several hundred seconds at 10 Hz.
After that, they enter the frequency domain of ground-based laser interferometric GW detectors, such as Advanced
LIGO. For more massive binaries, such as intermediate massive BHs, τchirp is shorter than one year.
In FIG. 3, the strain density h˜(f) curves for several detectable GW sources are drawn. Our AIGSO is sensitive to
GWs from WD-WD binaries as far as 100 kpc. According to the analysis of [32, 34], there are plenty of such binaries
around our galaxy. For NS-NS binaries, our AIGSO can detect GWs from them at a distance up to 3 Mpc. The bad
thing is that NS-NS binaries are not so common. At the optimistic likely rate, one can hope to detect some [35].
Lastly, the most important sources are BH-BH binaries. Our scheme can detect 104M0-10
4M0 BH inspirals at 1 Gpc,
and 103M0-10
0M0 BH inspirals at 10 Mpc. Especially, our scheme is also sensitive to the Mtot ≤ 100M0 BH inspirals
at 100 Mpc, which are the main targeted sources for Advanced LIGO [36]. Since intermediate massive BHs are not
well studied, the estimated likely rate is not so certain [35].
V. CONCLUSIONS
Through this preliminary study, we have described our atomic matter-wave Sagnac interferometric GW detection
scheme, AIGSO, consisting of three drag-free satellites. Unlike other spaced-based atom interferometric GW detection
proposals, our scheme is a genuine use of atomic matter-wave interferometry, instead of using just as inertial test
masses. Compared to the space-borne laser interferometric GW detectors, our AIGSO is about 5 orders of magnitude
smaller in size, which hopefully means the cut-down in technological requirements and in expense. Just like the laser
Sagnac interferometer, which has been considered as an attractive candidate for the third-generation terrestrial GW
detectors, our scheme is conceptually new, and can be a promising candidate for the future space-based GW detector.
Of course, before becoming a real project, we need a thorough analysis of our AIGSO, which will be done in our
future work.
Our AIGSO has a strain sensitivity < 10−20/
√
Hz in the 100 mHz-10 Hz frequency band, which just covers the blank
detection range between space-based and ground-based laser interferometric detectors. Potential GW sources for our
proposed scheme include: the WD-WD binaries at 100 kpc, the NS-NS binaries within 3 Mpc, the 104M0-10
4M0 BH
inspirals up to 1 Gpc, the 103M0-10
0M0 BH inspirals at 10 Mpc, and theMtot ≤ 100M0 BH inspirals within 100 Mpc.
Especially, the last type of sources are also the main targeted sources for current terrestrial GW detectors. These
sources spend much more time in our frequency band before stepping into Advanced LIGO’s frequency band. Thus,
our AIGSO can serve as a messenger to the ground-based GW detectors, and finally join together to provide a full
scan of GWs.
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